In order to get the information about the thermal deformation behavior of multi-story steel frames for the development of fire safety design, 7-story 3-bay plastic designed steel frames are investigated numerically under the simplified temperature model of heated members.
INTRODUCTION
It is very useful to perform the study on the behavior of multistory steel frames subjected to fire environment to develop a rational fire safety design method of steel buildings.
In the past, analytical studies on the elasto-plastic creep behavior of steel structures at elevated temperatures were carried out by Cheng W.C.l), by Harmaty T.Z.2), and by Furumura F.et al. 3, 4) . In these studies, especially in Refs. (1, 4) , although there were no sufficient material data of structural steels at high temperature, the numerical analysis method itself was already established based on the theory of one-dimensional finite element method. Since the main purpose of these studies was to show the analytical method itself, adopted analytical examples were limited to the simple models such as single beams, columns and portal frames.
The purpose of this paper is to find out the significant aspects of the thermal deformation behavior of steel frames at high temperatures and get useful data from the simulated response for the fire safety design of steel buildings.
MODELS OF SIMULATION
In this paper the steel frames designed by the plastic method are adopted for analytical examples. The load carrying capacity of example frames must be clarified at room temperature at least, and these can be estimated approximately by the simple plastic hinge theory.
Design of Multi-Story Frames
The adopted examples consist of two kind of frames, namely, the aseismatic designed frame and the non-aseismatic designed frame, the former is designed for both the gravity load and the combined loads and the later is designed for only the gravity load. At room temperature, the safety factor against gravity load will differ considerably between the two kinds of frames, therefore also at elevated temperature their behavior will show a large difference with each other.
As shown in Fig. 1 , 7-story 3-bay steel frames have been designed under the condition of the uniformly distributed gravity load on the beams with the magnitude of 39kN/m. The load factors are shown in Table  1 and the design formulae for steel members in Ref.
(IO) were used. Also, in order to make the final designed member strength equal to the minimum necessary plastic moment which is determined from the design ultimate load, the continuously varying H-shape cross section proposed by S.Igarashi et al. I I) was adopted. And SS4I steel (oyrt = 235(N/mm2), Ert = 206(kN/mm2» was used as the frame members.
The following two plastic design methods were utilized.
(1) Design method for the gravity load condition: The beams are assumed to be failed by forming beam mechanisms for the gravity load condition and the plastic moments of the beams and the columns are determined to 87 C71 cn   86  C61  C62  85  C51  C52  84  C41  C42  83  C31  C32  82  C21  C22  81  Cll  C12 "'",.
I 7,000 FIGURE 1. Frame geometry and symbols of members Using either or both of the above two design methods, the following three types of steel frames were designed. (A) B-Frame Non-aseismatic designed frames designed by method(l) for only the gravity load condition. (B) P-Frame Aseismatic designed frames by both method(l) and (2) for both the gravity and the combined load conditions. (C) 2P-Frame Aseismatic designed frames having same beams of P-Frame and twice bending strength columns of P-Frame.
B-Frame does not have the effect of the aseismatic design method on the load carrying capacity at all, and this is an idealized non-braced frame adjacent to braced frames in a bracing system building or a building standing within a non-seismatic country. P-Frame is an example model of the aseismatic designed frame with the story shear strength just equal to the design story shear strength. 2P-Frame is also an example model of the aseismatic designed frame, but this model has strong columns and relatively weak beams.
The safety factors of B-Frame members are just 1.65 for gravity load at room temperature, but the safety factors of P-Frame or 2P-Frame members are equal to or larger than 1.65 due to the effect of the aseismatic design.
The cross sections data of these frames are summarized in Table 2 , where Rs shows the member strength ratio between B-Frame and P-Frame or 2P-Frame, and these ratios are calculated by the member design formulae in Ref. (lO) for the gravity load mode. Except at the top story, Rs of PFrame and 2P-Frame members are about 2 or 10 times larger than those of B-Frame. Therefore the effect of the aseismatic design on the load carrying capacity of the members are very large.
In this paper, the total side-sway deformation of a frame due to the frame instability at high temperature is not treated, so the frame deformation is assumed to be symmetric, and only the left half part of a frame are selected for the analytical models, as shown in Fig. 2 .
Temperature Model in Heated Members
In order to investigate the basic response behavior of steel frames under simplified temperature conditions, a uniform temperature distribution and a linearly varying temperature history in members are assumed. And also to observe the residual deformation of the steel frames after heating, the numerical analysis has been carried out to the end of cooling process. As shown in Fig. 3 , the model of temperature history of members is assumed to vary linearly from 20°C to 600°C in Temperature history model of example frames both heating and cooling process with a temperature varying rate of SoC per minute.
For the purpose of studying the variation of the load carrying capacity for the different story in the case of fire, the l-st, 4-th and 7-th story are subjected to heat and studied individually. All analytical examples are summarized in Table 3 .
METHOD OF ANALYSIS
In this paper, the one-dimensional finite element nonlinear numerical analysis method, which was developed by Furumura F.et al. in Ref. (4) , has been applied to simulate the elasto-plastic creep thermal deformation behavior of steel frames subjected to a fire environment, The members of a steel frames, such as columns and beams, are assumed to be of such type that the usual beam theory is applicable. The bending deformation and the axial deformation are considered but the shearing deformation is neglected. Also, these members are subdivided into finite subelements in order to evaluate the effect of the plastic zone spread toward the member axis direction and the additional moment due to the axial force. This method will be the most effective one to simulate the behavior of steel frames in fire accurately and concretely within the time and storage limitations of currently available computers.
The following improvements are added to this method. 4) is also used in this paper.
(2) As shown in Fig. 2 , if only a part of the framed structure is heated by the fire environment, the large deformation will be limited within the vicinity of the fire compartment, and the deformation of other members will remain almost within the elastic range. Therefore, also as illustrated in Fig. 2 , for the purpose of economizing the computational cost, the framed structure is separated into the nonlinear response part and the linear response parts. And the behavior of the later parts are assumed to obey the linear theory. The nonlinear analysis method is applied only to the nonlinear response parts.
The stiffness matrix and the external load vector of linear response parts can be easily transformed into the equivalent stiffness matrix and the equivalent external load vector in terms of nodes connecting the two parts by using the condensation technique. And by assembling these matrices and other member stiffness matrices in the usual manner, the following incremental equilibrium equation is obtained.
where K=the tangent stiffness matrix of the nonlinear response part, Ko=the equivalent stiffness matrix of the linear response part,~U=the incremental nodal displacement vector of the nonlinear response part, Fex=the external force vector of the nonlinear response part,Fin=the internal force vector of the nonlinear response part,Fo=the equivalent external load vector of the linear response part, and U=the nodal displacement vector of the nonlinear response part.
The practical comparison between the response of the above model and the response of the total frame nonlinear analysis is not shown here, but there was a very good agreement between them. Therefore the above technique is adequately effective for the examples used in this paper.
(3) Applying the sub-structures concept to the subelements in series within a member, the member stiffness matrix in terms of the displacement at both ends of a member are derived. The cross section of a member is divided into 10 subslices, the column and the interior beams are divided into 10 subelements,and the exterior beams are divided into 20 subelements respectively.
(4) For temperature under 500°C, time increment 1/32 minute is used. While for temperature over 500°C or as soon as the displacements varying rate begin to increase, the time increment 1/128 minute is used.
NUMERICAL RESULT AND DISCUSSION
The numerical results of all examples have been classified into the following three groups according to their behaviors.
Top Story Heated Cases (B37,P37,2P37)
The midpoint deflections and thermal expansions of the heated beams are shown in Fig. 4 . Since the members at the top story of frames have the tendency to be designed against the gravity load condition, and the safety factor of these members are just 1.65 against the working gravity load in room temperature, the heated beams in this group deflect largely and collapse at about 550°C, as shown in Fig. 4 . The time histories of deflection and expansion of heated beams and the deformation histories are shown in Figs. 5 and 6, respectively. Also in this case, the large deflection of heated beams are observed at about 540°C as described in Fig. 5 . But the deformation modes of the heated interior columns begin to change at about 520°C from the double curvature type to the fixed end bowing type, and finally the large deformations of the interior columns cause the overall frame collapse. Therefore in this case it has been shown that columns designed as a centrally loaded compression member are considerably dangerous against the fire heating.
The Cases of P-Frame and 2P-Frame with I-st or 4-th Story Heated (P31,P34,2P31,2P34)
The deformation histories of 2P34, the deflections and expansions of heated beams are shown in Figs. 7 and 8 ,respectively. The typical deformation behaviors caused by the thermal stress are observed in Fig.  7 . The midpoint deflections of interior beams, Vi are larger than those of exterior beams, Vo. Since the columns of 2P-Frame have larger stiffness and plastic moment than those of P-Frame, in 2P-Frame the restriction forces of columns against the thermal expansions of beams are larger. Therefore, the heated beams of 2P-Frame tend to buckle al high temperature due to the thermal axial forces as shown in Figs. 7 and 8. The thermal expansion of the heated beam attains to about 7 em at 600°C. 
CONCLUSIONS
Under the simplified temperature model of heated members, the response of 7-story 3-bay steel frames designed by the plastic method have been analyzed, and the various aspects on the thermal deformation behavior of steel frames are observed. These knowledge will contribute to the development of a rational fire safety design procedure of steel frames. But as these results have been depended on a simplified temperature condition model and on a few idealized steel frame models only, so it is necessary to proceed these research with a more realistic temperature models on many more steel frame models, and to accumulate more data.
